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REGISTERS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority from Great Britain Appli-
cation No. 2209621.8, filed Jun. 30, 2022, which application
1s icorporated herein by reference 1n 1ts entirety.

TECHNICAL FIELD

The present invention relates to integrated circuit devices
comprising one or more registers. In particular, the present
invention relates to itegrated circuit devices configured to
operate 1n a scan testing mode for testing of registers.

BACKGROUND

Integrated circuits (ICs) have traditionally incorporated
ever 1increasing amounts of digital logic on smaller areas by
moving to smaller and smaller technology nodes. Registers
for storage and transfer of binary data typically include an
array ol flip-tlops for storing state information. In many
register circuits, 1t 1s the case that the majority of the digital
logic area 1s occupied by the flip-tlops (e.g. D tlip-tlops).

One theoretical option for achieving digital logic area
savings would be to replace flip-flops with latches, since an
array ol latches can typically occupy an area of digital logic
circuitry around half that of an array of flip-tlops for storing
a similar number of bits since a conventional D latch
typically occupies an area of digital logic that 1s around half
that of a conventional D flip-tlop. However, whilst replacing
tlip-flops with latches could be used to achieve a reduction
in an area of an integrated circuit occupied by a register
and/or reduced chip cost and/or greater storage size for a
same digital logic area, the Applicant has recognised that
such latch replacement would present a number of chal-
lenges.

Flip-tflops, due to being edge sensitive circuits, load an
input signal received at an input terminal of the tlip-flop to
an output terminal of the flip-tlop responsive to an edge of
a clock signal such that the flip-flop 1s triggered by the edge
of the signal. Latches however are level triggered circuits
and thus maintain a transparent state. Latch transparency
means that a latch can thus load data at an input terminal to
an output terminal at any point during the clock signal which
can present a number of timing-related challenges. There-
fore, when held in a transparent state (e.g. during an active
level for a clock signal) mput data and potentially glitches
can propagate through the latch and thus potentially propa-
gate through a number of connected and transparent latches.
For this reason, when designing an integrated circuit with
fault coverage considerations, previous techniques have
sought to use tlip-tflops due to the greater level of control
afforded.

Optionally, replacement of flip-flops with pulsed latches
1s another possibility however the use of a pulser to create
pulses from a clock generally results 1n noticeably greater
power consumption for the IC.

Fabrication of integrated circuits can result 1 certain
defects that impact functionality of the circuitry. For
example, silicon defects and/or manufacturing defects (e.g.
photolithography defects) can result in shorts and opens in
the transistors leading to stuck-at-one and stuck-at-zero
taults 1n gates inside the IC. For this reason, fault testing 1s
an 1mportant quality control step for verifying correct func-
tioming of I1Cs after fabrication. Design for testability (DFT)
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2

techniques relate to designing ICs with testing capabilities to
improve testing of the ICs. With DFT, testability 1s consid-

ered at the design stage of the IC, and logic structures for
facilitating testing are included in the design to improve
testing fault coverage.

Logic structures for controllability (e.g. setting certain
signal terminals to certain states) and observability (e.g.
observing a state of certain signal terminal) are included 1n
the IC design for enabling various types of fault testing.
Stuck-at fault testing can be used to detect a node (e.g. logic
gate and/or a tlip-tlop) that 1s stuck at given state by driving
a specific signal line to an opposite state than the assumed
fault and observing whether the line i1s stuck or not. In
addition, for the circuitry to behave correctly, the circuitry
should not only perform the correct logical operation but
also perform the operation fast enough for the change to
propagate to a next flip-tlop. At-speed testing refers to tests
that detect delay defects from a circuit running at functional
speed. Hence more generally, DFT techmques have been
developed for improving testing of ICs using flip-flops.

Scan-based design 1s a widely used DFT approach that
improves the controllability and observability ICs. The most
widely used scan-based design 1s the muxed-D scan design
developed at Stanford by M. J. Y. Williams and J. B. Angell
in 1973, which uses a muxed-D scan cell made from a D
flip-flop and a multiplexer, where the multiplexer selects
between a data mput and a scan input according to a shift
enable signal and the output of the multiplexer 1s connected
to the mput of the D tlip-tlop. Generally speaking, a scan
chain 1s formed by a number of flip-flops connected back to
back 1n a chain. An put of a first tlip-tlop 1s connected to
an mput pin (primary input pin) of the IC to receive a scan
input. The output of the last tlip-tlop 1s connected to an
output pin of the IC so that a test response can be observed
at the output pin, Specifically, a test pattern can be shifted 1n
through the input pin by setting a shift enable signal high and
clocking the circuit enough times to load the test pattern
through the scan chain. The shiit enable signal can then be
set low. The circuit can then be clocked once (e.g. for a
normal pattern) or many times (e.g. for sequential test
pattern) to capture the test response to the tlip-flops. The
shift enable signal can then be set high and the test response
shifted out through the scan chain and the primary output pin
of the IC by clocking the circuit. Therefore, for a scan chain
comprising Y flip-tflops, shifting the test stimulus 1n and the
test response out of the scan chain takes Y clock cycles.

Therefore, scan-based design allows a controlled test
input signal to be applied to an input signal pin of a tlip-tlop
scan chain and the response can be observed from an output
signal pin of a flip-flop scan chain. As mentioned above,
whilst replacing tlip-flops with latches can be beneficial for
reducing digital logic area, the transparency associated with
such latches makes them generally not well suited to use 1n
DFT technmiques, and 1n particular in scan chains. Therefore,
it 1s desirable to provide integrated circuitry comprising
latch-based register circuitry having improved design for
testability.

SUMMARY

According to a first aspect of the present invention there

1s provided an integrated circuit device including:

an n-bit register comprising:

a plurality of latches and at least one flip-flop, the plurality
of latches and the tlip-tlop each being configured to
store respective binary states corresponding to respec-
tive bits, wherein each of the plurality of latches 1s
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level-triggered and the thp-flop 1s edge-triggered and n
1s greater than or equal to three;

clock gating circuitry configured to generate a clock

signal for the register and to output the clock signal at
a clock signal output terminal of the clock gating
circuitry; and

coupling circuitry configured to couple the clock signal

output terminal of the clock gating circuitry to each of
the plurality of latches and the flip-flop,

wherein each latch of the plurality of latches comprises a

latch gating terminal configured to receive a gating
signal, wherein a respective latch 1s configured to
receive the gating signal that either corresponds to the
clock signal or 1s determined according to a logical
operation including the clock signal such that a trans-
parency for each respective latch 1s controlled in depen-
dence upon a level of the gating signal;

wherein the at least one flip-flop comprises a gating

terminal configured to recerve the clock signal such that
loading of the flip-flop 1s controlled 1n dependence
upon an edge of the clock signal received at the gating
terminal; and

wherein the integrated circuit device 1s configured to

operate 1n a scan test mode for scan testing at least
some of the mtegrated circuit device, wherein when 1n
the scan test mode and during a scan shiit operation an
input signal terminal of the flip-flop 1s configured to
receive a test mput signal and the tlip-tlop 1s configured
to load the test input signal to an output signal terminal
of the tlip-tlop responsive to an edge of the clock signal
received at the gating terminal,

and wherein the integrated circuit device comprises at

least one output pin to provide an observation point for
the flip-tlop.

Thus 1 accordance with at least embodiments of the
present invention the itegrated circuit device comprises an
n-bit register using the clock gating circuitry for loading the
latches and the flip-flop. The n-bit register includes the
plurality of latches and the at least one flop-flop each being
configured to store respective binary states corresponding to
respective bits. The register has a reduced digital logic area
compared to a purely tlip-tflop based register due to the use
of the latches. The Applicant has recognised that the pres-
ence of latches can present a number of challenges, and 1n
particular that latches can hinder scan testing of the register.
However, the Applicant has recognised that by including at
least one tlip-tflop and by providing the clock gating circuitry
that generates the clock signal that 1s shared by each of the
plurality latches and the at least one tlip-tlop, the output
signal terminal of the at least one thp-flop can be used as an
observation point for allowing scan testing that can be used
to observe the functioning of the clock gating circuitry.

The integrated circuit device 1s configured to operate 1n a
scan test mode for scan testing at least some of the integrated
circuit device, and during a scan shift operation a test input
signal 1s loaded by the flip-tlop responsive to the edge of the
clock signal and provided to the output signal terminal of the
tlip-tflop. The mtegrated circuit device comprises the output
pin that provides an observation point for allowing obser-
vation of the output of the tlip-flop. Therefore, an integrated
circuit device may include the register having the above-
mentioned reduced digital logic area whilst also facilitating,
scan testing of the register.

Hence, embodiments of the present invention provide an
integrated circuit device including at least one register
comprising a plurality of latches and a flip-flop for storing
respective binary states, and when operated 1n a scan test
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mode an output of the flip-tlop 1s observed for facilitating
testing of the clock circuitry without requiring the plurality
of latches to be scannable. In some embodiments, the n-bit
register comprises the plurality of latches and a plurality of
tlip-flops each being configured to store respective binary
states corresponding to respective bits. For example, the
integrated circuit device may comprise an 8-bit register
including 6 latches and 2 flip-flops.

Preferably the n-bit register comprises fewer than n
tlip-flops. In other words, preferably the number of tlip-tlops
1s less than the number of bits n. It will be appreciated that
this may provide a beneficial reduction 1n digital logic area
over a purely flip-tlop based n-bit register. The number of
tlip-tlops 1s preferably less than half the number of bits n.
The number of flip-tlops 1s preferably less than the number
of latches. However, a greatest digital logic area reduction
(relative to a purely tlip-flop based register) 1s achieved by
providing an n-bit register including n—1 latches and a single
tlip-flop. Testing of the clock gating circuitry 1s facilitated by
the inclusion of the single-tlip flop. Hence, embodiments of
the present invention provide the integrated circuit device
including at least one n-bit register including n-1 latches
and a single flip-flop.

Preferably the plurality of latches 1s arranged 1n parallel
with each other. Preferably the one or more tlip-tlops are
arranged 1n parallel with the plurality of latches. Preferably
cach of the plurality of latches and each of the one or more
tlip-flops are arranged 1n parallel with each other. Preferably
the one or more flip-flops are not configured to receive, as
an mput, an output from any of the plurality of latches. The
outputs of each of the plurality of latches and the one or
more flip-tlops are preferably provided directly as respective
outputs (1.e. bits) of the register. Preferably the outputs are
not provided as an output of the register via an intermediate
component (e.g. a further latch or flip-tlop).

In some embodiments, the at least one flip-flop of the n-bit
register 1s 1ncluded 1n a scan chain comprising a chain of
tlip-flops, and the output pin 1s coupled to an output signal
terminal of a downstream flip-flop that 1s downstream from
the at least one flip-flop 1n the scan chain. Hence, values can
be shifted downstream from the at least one flip-tlop of the
n-bit register to a downstream flip-flop coupled to the output
pin for observation. Hence more generally, the output pin
may be coupled to the at least one flip-flop of the n-bit
register by combinational logic. Alternatively, 1n some cases
the output signal terminal of the at least one flip-tlop of the
n-bit register may be coupled to the output pin without any
interconnecting combinational logic. Hence more generally,
the mtegrated circuit device comprises at least one output
pin coupled (directly or indirectly) to the output signal
terminal of the flip-tlop of the n-bit register to permit
observation of the binary state stored by the tlip-tlop during
the scan shift operation to thereby observe the functioning of
the clock gating circuitry. Typically, the scan chain may also
comprise one or more upstream flip-flops that are upstream
from the flip-flop of the n-bit register. An upstream thp-tlop
can be coupled to an input pin of the integrated circuit device
for receiving test signals to be shifted through the scan
chain. In other words, an upstream flip-tlop of the scan chain
can be coupled to an input pin of the integrated circuit device
for functioning as a scan 1nput for the scan chain. The mput
pin can therefore allow control of the test input signals and
the output pin can allow observation of the test responses.
Hence, the integrated circuit device can be configured to
operate 1n the scan test mode for scan testing at least some
of the integrated circuit device, wherein when in the scan
test mode and during the scan shift operation the input signal
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terminal of the flip-flop receives a scan test input signal and
the tlip-flop 1s configured to load the scan test mput signal
to an output signal terminal of the flip-tlop responsive to an
edge of the clock signal received at the gating terminal. In
some examples, the integrated circuit device may comprise
the input pin and the output pin, as discussed above, and may
also comprise a scan mode mput pin that can be used by test
equipment to put the itegrated circuit device into the scan
test mode. Also 1 some examples, the integrated circuit
device may further comprise a scan shiit enable mput pin
that can be used by test equipment 1ssuing a scan shiit enable
signal to enable the scan shift operation (shifting 1n a test
pattern and/or shifting out the test response).

The Applicant has also i1dentified that testing of the n-bit
register comprising the plurality of latches and the at least
one flip-tlop can be further improved by introducing further
digital logic for improving controllability of the testing
whilst still obtaining a reduction 1n digital logic area relative
to a purely flip-flop based n-bit register.

In some embodiments, the integrated circuit device 1s
turther configured so that each of the plurality of latches is
in a transparent state when the gating signal has a high level
and each of the plurality of latches 1s not 1n the transparent
state when the gating signal has a low level, wherein when
in the transparent state each latch i1s configured to load an
input signal at a latch mnput signal terminal of the latch and
to provide the mnput signal to a latch output terminal of the
latch. The plurality of latches may each be active-high such
that each latch can be maintained 1n a transparent state by
maintaining the gating signal at a latch gating pin of the latch
at a high level.

In some embodiments, when 1n the scan test mode and
during the scan shiit operation, the mtegrated circuit device
1s configured to provide the gating signal having a high level
to a latch gating terminal of a latch to maintain the latch in
the transparent state during the scan shiit operation. The
integrated circuit device 1 such embodiments therefore can
control the gating signal received at a latch gating terminal
of at least some (or all) of the plurality of latches to maintain
the gating signal at the high level during the scan shift
operation. Therelfore, test input signals provided to a latch
input terminal of latch during the scan shiit operation can
thus propagate through the latch to thereby improve fault
testing coverage for the integrated circuit device. In particu-
lar, 11 a latch 1s 1n an unknown state at the end of a scan shift
operation (which 1s the case when clock gating 1s used for a
latch during a scan shift operation), this can result 1n
decreased fault coverage and/or increased testing time.
Embodiments of the invention maintain the latch i the
transparent state during the scan shift operation so that a
final binary state stored by a latch at the end of a scan shiit
operation 1s known and this can therefore provide improved
fault test coverage and/or decreased testing time.

In some embodiments, the integrated circuit device fur-
ther comprises control circuitry configured to output a
control signal to the n-bit register to maintain the latch in the
transparent state during the scan shift operation, wherein the
control circuitry 1s configured to output the control signal
having the high level when the integrated circuit device 1s
operated 1n the scan test mode and during the scan shiit
operation. The control circuitry provides the control signal
to the n-bit register, and the control signal can be provided
with a high level during a scan shift operation so that the
gating signal received by a latch 1s maintained at a high level
during the scan shiit operation. In some embodiments the
control circuitry 1s configured to output the control signal
having the high level when a scan shift enable signal has a
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high level. In other embodiments discussed below, the
control circuitry further comprises logical OR circuitry for
OR gating the scan shift enable signal with another signal to
provide improved transparency control.

In some embodiments, the first control point comprises
logical OR circuitry and the device 1s configured to provide
a scan shift enable signal having a high level to the logical
OR circuitry during the scan shift operation and the logical
OR circuitry 1s configured to output the control signal
having the high level during the scan shiit operation.

The control circuitry may further comprise a control point
comprising logical AND circuitry configured to receive a
scan test mode enable signal and a supplementary control
signal, the device being configured such that the scan test
mode enable signal has a high level when the integrated
circuit device 1s operated 1n the scan test mode, wherein the
logical OR circuitry 1s configured to receive a signal output
by the logical AND circuitry such that the logical OR
circuitry 1s configured to output the control signal having the
high level when the supplementary control signal has a high
level and the scan test mode enable signal has the high level.
In such arrangements the logical OR circuitry receives the
scan shift enable signal, and thus outputs the control signal
having the high level when the scan shift enable signal has
the high level. The logical OR circuitry may receive both the
scan shift enable signal and the signal output by the logical
AND circuitry. In this way, even when the scan shiit enable
signal has a low level, supplementary testing of the latches
of the n-bit register can be performed using the supplemen-
tary control signal and controllability of the transparency of
the latches can thus be improved.

In some embodiments, the control circuitry comprises a
first scan thp-flop and a second scan flip-flop, wherein an
output of the first scan flip-flop 1s connected to an mput of
the second scan flip-tlop, and the control circuitry 1s con-
figured to generate the supplementary control signal accord-
ing to a sequential test pattern. Two scan tlip-tflops can be
used to generate the supplementary control signal so that a
sequential test pattern 1s output to the logical AND circuitry
and the corresponding control signal output by the logical
OR circuitry can be used to control the transparency of the
latches 1n accordance with the sequential test pattern. There-
fore, controllability of the transparency of the latches may be
improved and test mput signals can be applied to an 1nput
signal terminal of a latch and the gating signal recerved by
the latch can be controlled according to the sequential test
pattern to allow controlled propagation of test input signals
through the latch.

In some embodiments, the coupling circuitry comprises a
latch s1gnal path configured to couple the clock signal output
terminal to each of the plurality of latches, the latch signal
path comprising a logical OR circuit configured to receive
the clock signal and the control signal, the logical OR circuit
being configured to output, to the latch gating terminal of
cach of the plurality of latches, the gating signal 1n depen-
dence upon a logical OR operation for the clock signal and
the control signal, wherein the integrated circuit device 1s
configured to provide, to the logical OR circuit, the control
signal having a high level during the scan shiit operation.
The n-bit register may thus comprise coupling circuitry
coniigured to couple the clock signal output terminal to each
of the plurality of latches and the tlip-tflop, and the coupling
circuitry can comprise the latch signal path that couples the
clock signal output terminal to each of the plurality of
latches, and the latch signal path can comprise the logical
OR circuit (also referred to as a latch signal path logical OR
circuit). The latch signal path logical OR circuit can receive




US 12,158,499 B2

7

the control signal from the control circuitry and also receive
the clock signal that 1s output by the clock gating circuitry.
Theretfore, even when the clock signal has a low level, the
control signal received by the latch signal path logical OR
circuit can be used to maintain the latches 1n the transparent
state, and the control signal can be used to maintain the
latches 1n the transparent state during the scan shiit opera-
tion. Hence, during normal operation (when the control
signal provided to the latch signal path logical OR circuit has
a low level) gating of the latches 1s dependent on the clock
signal output by the clock gating circuitry, and when oper-
ating 1n the scan testing mode the control signal having the
high level can be used for controlling latch transparency.
The coupling circuitry further comprises a tlip-tflop signal
path configured to couple the clock signal output terminal to
the at least one tlip-tflop such that the gating terminal of the
at least one tlip-flop receives the clock signal without any
logical OR operation. In this way, during a can shift opera-
tion, shifting 1n test signals to the at least one tlip-tlop 1s
dependent on the clock signal and the output pin connected
to the output signal terminal of the tlip-tflop can still be used
for observing the clock gating circuitry (clock gating logic).

In some embodiments, the integrated circuit device fur-
ther comprises a second register comprising a second plu-
rality of latches, a second flip-flop and second clock gating
circuitry, and wherein the control circuitry 1s also configured
to output the control signal to the second register to maintain
cach of the second plurality of latches 1n the transparent state
during the scan shift operation. The integrated circuit device
can comprise any number of registers which may be the
same as the above mentioned n-bit register or may be
different due to storing a different number of bits. The
control circuitry can output the control signal and the
integrated circuit device can comprise connection circuitry
connecting the control circuitry to the n-bit register and the
second register so that the control signal can be shared with
the two registers.

More generally, the integrated circuit device may com-
prise a plurality of latch registers each comprising a plurality
ol latches, at least one flip-tlop and clock gating circuitry,
and the control circuitry can be configured to provide the
control signal to each of the plurality of latch registers to
thereby control transparency of each of the latches included

in each latch register. In some examples, the plurality of

latch registers may be included 1n a same register bank or
may be included 1n a plurality of register banks. Hence more
generally, the control circuitry can be shared by a plurality
of latch registers and this can allow improved controllability
for scan testing of the latch register whilst achieving a
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registers comprised solely of tlip-tflops. In addition, sharing,
of the same control circuitry by the latch registers 1s ben-
eficial for achieving low power consumption.

In some embodiments, the second register comprises
second coupling circuitry comprising a second latch signal
path configured to couple a second clock signal output
terminal of the second clock gating circuitry to each of the
second plurality of latches, and wherein the second latch
signal path comprises a second logical OR circuit configured
to recerve the control signal and a second clock signal
generated by the second clock gating circuitry, the second
logical OR circuit being configured to output, to a latch
gating terminal of each of the second plurality of latches, a
gating signal in dependence upon a logical OR operation
using the second clock signal and the control signal. Hence
more generally, both the n-bit register and the second
register can comprise a respective logical OR circuit that
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receives the control signal from the control circuitry for
controlling the transparency of the latches 1n that register. In
this way, the control signal can be shared with a plurality of
latch registers for maintaining the latches 1n a transparent
state during scan testing. In addition, stuck-at fault testing of
the logical OR circuit can be performed by providing the
control signal to the logical OR circuit and using a down-
stream observation point (downstream of the latches) to
observe an output from a latch output terminal of a latch.

In some embodiments the integrated circuit device further
comprises scan shift enable control circuitry configured to
output a scan shift enable control signal to the n-bit register,
wherein the clock gating circuitry comprises a shift enable
control 1nput terminal configured to receive the scan shiit
enable control signal and the clock gating circuitry 1is
configured to output the clock signal at the clock signal
output terminal 1n dependence upon the scan shift enable
control signal so that the clock signal 1s enabled for the n-bit
register during the scan shift operation, such that the gating
terminal of the flip-flop receives the clock signal during the
scan shiit operation. Theretfore, the clock gating circuitry of
the n-bit register can be enabled by the scan shift enable
control signal provided by the scan shift enable control
circuitry, and the corresponding clock signal output by the
clock gating circuitry can be used to clock the at least one
flip-flop during the scan shift operation to permit scan
testing of the n-bit register.

In some embodiments, the integrated circuit device fur-
ther comprises a plurality of registers each comprising: a
plurality of latches, at least one flip-flop; and clock gating
circuitry comprising a shift enable control input terminal,
and wherein the scan shift enable control signal control
circuitry 1s also configured to output the scan shiit enable
control signal to each of the plurality of registers to enable
the clock gating circuitry of each of the plurality of registers
during the scan shift operation so that the clock gating
circuitry of each of the plurality of registers 1s configured to
output the clock signal during the scan shift operation.
Hence more generally, the scan shiit enable control circuitry
can output the scan shift enable control signal to the n-bit
register and to the clock gating circuitry mcluded in each
register so as to allow testing in parallel of each of the
registers.

In some embodiments, the n-bit register comprises the
plurality of latches and at least one of the plurality of latches
comprises a latch reset terminal configured to receive a reset
control signal for resetting the latch to a default binary state,
and wherein the integrated circuit device further comprises
reset control circuitry configured to output the reset control
signal to the n-bit register. The reset control circuitry can be
provided to output the reset control signal to at least some
(or all) of the latches of the n-bit register. The reset control
signal resets the latch to the default binary state which can
be usetul for stuck-at fault testing of the latch reset terminal.

In some embodiments, the reset control circuitry com-
prises a control point and the integrated circuit device 1s
configured to disable the control point during the scan shift
operation. The reset control circuitry can be used to provide
the reset control signal to the n-bit register before or after a
scan shift operation. During the scan shift operation, the
integrated circuit device can disable the control point to
prevent the latch from being reset to the default binary state
by the reset control circuitry.

In some embodiments, the latch 1s configured to store a
binary state from a previous scan shift operation, and when
in the scan test mode and before the scan shift operation, the
integrated circuit device 1s configured to provide, to the latch
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reset terminal of the latch, the reset control signal for
resetting the latch to the default binary state, wherein during
the scan shift operation the integrated circuit device 1s
configured to capture the default binary state to a down-
stream tlip-tlop, and wherein the integrated circuit device 1s
configured to shift the default binary state downstream from
the downstream {flip-flop to another downstream flip-tlop
connected to another output pin of the integrated circuit
device to provide an observation. More generally, a value
(binary state) opposite to the reset value (default binary
state) of the latch can be initially shifted 1n using one or more
tlip-tflops upstream of the latch (e.g. in PWDATA). The value
can thus be loaded by the latch. The reset control circuitry
can then either reset the latch to the reset value or not. An
observation of the latch value downstream from a thp-tlop
(e.g. 1n read logic) can be used to enable testing equipment
to check that the value was reset to default when 1t should
have and not reset to default when it should not have. Hence,
an observation of the state of the latch can be used for
performing stuck-at testing of the latch reset terminal.

In some embodiments, the control point comprises logical
AND circuitry configured to receive a supplementary reset
control signal and an inverse of a scan shift enable signal and
to output the reset control signal in dependence upon the
received signals so that resetting of the respective latch to
the default binary state 1s disabled during the scan shift
operation, and wherein the reset control circuitry further
comprises a multiplexer control point configured to select
and output the reset control signal when the integrated
circuit device 1s operated 1n the scan test mode.

In some embodiments, the integrated circuit device fur-
ther comprises a second register comprising a second plu-
rality of latches, a second flip-flop and second clock gating
circuitry, and wherein the reset control circuitry 1s config-
ured to output the reset control signal to the second register
for resetting one or more of the second plurality of latches
to the default binary state. Therefore, the reset control
circuitry can be shared by a plurality of latches facilitating
reduction 1n digital logic area.

In some embodiments, the reset control circuitry com-
prises a first scan flip-flop and a second scan flip-tlop,
wherein an output of the first scan tlip-tlop 1s connected to
an mput of the second scan tlip-tlop, and the reset control
circuitry 1s configured to generate the supplementary reset
control signal according to a sequential test pattern.

In some embodiments, each of the plurality of latches
included in the n-bit register 1s a positive level active latch
comprising a latch input signal terminal connected to a
respective negative level active latch for recerving an input
signal from the respective negative level active latch. Hence,
a negative level active latch having a latch output terminal
can be coupled to a latch input terminal of a latch of the n-bat
register for loading the latch.

In some embodiments, the integrated circuit device com-
prises a plurality of negative level active latches, 1n which at
least one negative level active latch has a latch output
terminal coupled to a first latch input terminal of a first latch
in the n-bit register and also coupled to respective latch input
terminal of another latch 1n another latch register. Each of
the plurality of latches included 1n the n-bit register com-
prises a respective latch input signal terminal connected to
a respective negative level active latch, such that the first
latch of the n-bit latch register 1s connected to a first negative
level active latch, and a second latch of the n-bit latch
register 1s connected to a second negative level active latch
and so on for each of the plurality of latches in the n-bit
register. In addition, the first negative level active latch can
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be shared with another positive level active latch included in
another latch register in a same register array (register bank)
as the n-bit register. In some such embodiments, the first
negative level active latch may also be shared with one or
more further latches 1n one or more further latch registers in
the same register array. Hence more generally, a single
negative level active latch can be coupled to a plurality of
positive level active latches each included 1n a separate latch
register 1n a same register array. Sharing of a negative level
active latch by a plurality of latch registers in this way can

allow for significant digital logic area savings for a register
array.

BRIEF DESCRIPTION OF THE

DRAWINGS

Certain embodiments of the present invention will now be
described by way of example only, and with reference to the
accompanying drawings, in which:

FIG. 1 1s a schematic diagram illustrating an example of
a register comprising tlip-tlops for binary data storage;

FIG. 2 1s a schematic diagram illustrating an example of
a read-write register including a latch and clock gating
circuitry;

FIG. 3 1s a schematic diagram illustrating a register
including a latch, a flip-flop and clock gating circuitry;

FIG. 4a 1s a schematic diagram 1llustrating a register for
which transparency of a latch 1s maintaimned during a scan
shift operation by OR gating a clock signal with a shift
enable signal;

FIG. 45 1s a schematic diagram illustrating the register of
FIG. 4a and the integrated circuitry further comprising
transparency control circuitry for controlling the shiit enable
signal mput to the logical OR gate;

FIG. 5§ 1s a schematic diagram illustrating integrated
circuitry comprising scan shift enable control circuitry for
controlling the shift enable signal being input to clock gating
circuitry of a register;

FIG. 6 1s a schematic diagram illustrating integrated
circuitry comprising reset control circuitry for controlling a
reset terminal of a latch; and

FIGS. 7a and 7b are schematic diagrams illustrating
integrated circuitry comprising transparency control cir-
cuitry, the scan shift enable control circuitry and the reset
control circuitry.

DETAILED DESCRIPTION

In the following description, a number of specific details
are presented 1n order to provide a thorough understanding
ol the aspects of the present disclosure. It will be apparent,
however, to a person skilled 1n the art that these specific
details need not be employed to practice the techniques of
the present disclosure. Conversely, specific details known to
the person skilled in the art are omitted for the purposes of
clarity where appropriate.

FIG. 1 schematically illustrates an example of a four-bit
register comprising four flip-tflops. This type of register 1s an
important building block 1n many digital circuits. A simple
register with no combinational logic, like 1n FIG. 1, transfers
the data from 1ts inputs to the outputs on each clock edge.
Whilst FIG. 1 shows an example of a four-bit register, more
generally a group of n flip-flops using a common clock (or
different clocks) can be used to form an n-bit register for
storing n-bits of binary data. An integrated circuit may
generally comprise a register bank comprising a plurality of
such registers for storing and transferring binary data, in
which each register may store a same or different number of
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bits. For example, a register bank may comprise a first
register comprising n thp-flops for storing n-bits and a
second register comprising m flip-flops for storing m-baits,
where n and m may be different or the same. FIG. 1
represents a simplified view of a register array and typically
such register arrays include further functionality to control
how data 1s transferred to the flip-flops.

Generally, 1t 1s desirable to reduce an overall size of an
integrated circuit and thus a size of a processing device
and/or to reduce an area of an integrated circuit used for
registers so as to potentially include further functionality on
a chip. One possibility for achieving such a reduction 1s to
replace the flip-tlops 1 a register with latches to thereby
reduce an area ol an integrated circuit that 1s used for
registers.

However, due to the complexity of the manufacturing
processes used 1n integrated circuit fabrication, fault testing
of integrated circuits 1s also an important consideration. The
characteristics of latches, specifically latch transparency, has
generally meant that 1Cs using latch-based registers have
poorer fault coverage testing and/or the addition of further
DFT logic (test logic) for fault testing has resulted in any
area reduction benefit obtained by replacing tlip-tlops with
latches being lost. Therefore embodiments of the present
invention provide an integrated circuit device comprising at
least one latch-based register for storing binary state infor-
mation, and the integrated circuit device 1s configured to
operate 1n a scan testing mode for enabling scan testing of
the latch-based register.

Moreover, embodiments of the present invention provide
an integrated circuit device comprising at least one n-bit
latch-based register for which the n-bit latch-based register
has a reduced digital logic area compared to an n-bit flip-tlop
register comprising n tlip-tflops, and also has functionality
for allowing scan testing of at least some of the latch-based
register. Specifically, whilst previous attempts to enable scan
testing of latch-based registers have resulted in the use of
scan test logic that negates any digital logic area saving
achieved by using latches 1nstead of tlip-tlops, embodiments
of the present mvention provide an integrated circuit device
that facilitates scan testing of the latch-based register whilst
achieving a reduced digital logic area compared to a tlip-tlop
register.

Moreover, some embodiments of the present immvention
can provide mntegrated circuitry achieving the above men-
tioned digital logic area reduction whilst also achieving
stuck-at fault testing coverage that 1s comparable to (or 1n
some cases substantially equal to) that achieved using purely
tlip-flops. In the following discussion, an n-bit register using
n flip-flops 1s referred to as a reference design for demon-
strating the benefits that may be achieved in accordance with
the present invention.

FIG. 2 schematically illustrates an example of a read-
write register using a latch 200aq for storing a binary state
corresponding to a respective bit and clock gating circuitry
210. As shown 1n FIG. 2, the register uses the latch 200q as
a storage element and uses a clock signal generated by the
clock gating circuitry 210 to control loading of the latch
200a. The clock gating circuitry 210 generates the clock
signal (ck() and the clock signal is received at a latch gating
terminal of the latch 200q for controlling loading of the latch
200a so that data 1s loaded from an 1nput signal terminal (D)
to an output signal terminal (Q) of the latch 200a on the high
level for the clock signal.

In this example, the clock gating circuitry 210 comprises
a negative level triggered latch and a logical AND gate
which are used to generate the clock signal ckG (based on
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the signal PCLK) for controlling loading of the latch 200aq.
Hence, the clock gating circuitry 210 comprises logic for
deriving the clock signal ckG. The write data (PWDATA) 1s
latched to the input signal terminal of the latch 200a using
another latch 2006. The further latch 2006 1s a low level
active latch such that the latch 2005 1s loaded during a low
level.

FIG. 2 therefore provides an example of integrated cir-
cuitry comprising a latch-based register having reduced area
compared to a fhip-tlop based register at least due to the latch
200a having a smaller footprint than a flip-tlop. Whalst FIG.
2 1llustrates an example using a single latch (latch 200a) for
storing a binary state indicative of a bit value, the register
may comprise a plurality of such latches to store a plurality
of respective bit values. In particular, the clock signal (ckG)
may be used for clock gating a plurality of latches. For
example, 1n the case of a parallel load register, the same
clock signal (ck(G) can be received by each of the plurality
of latches. Moreover, whilst FIG. 2 1illustrates an example
using a single register, the techniques of the present disclo-
sure extend to integrated circuitry comprising a plurality of
such registers (an array of registers), 1n which one or more
of the registers have the functionality described with refer-
ence to FIG. 2.

The applicants have identified that integrated circuitry
comprising a latch register for storing n-bits can be fault
tested with a test coverage that can be comparable to (or in
some cases substantially equal to) that achieved for an n-bit
register using n flip-flops whilst achieving a smaller foot-
print.

For an n-bit register comprising n scannable thp-flops,
faults 1in the clock gating circuitry (specifically the combi-
national logic associated therewith) can be seen in whether
a signal output by a scannable tlip-tflop 1s updated in accor-
dance with expected behaviour for a clock signal output by
the clock gating circuitry, because on the active edge of a
clock the data input of a thip-tlop 1s transierred to the output.
By mputting a test signal and observing the signal output by
a scannable flip-tlop, a fault 1n the clock circuitry can be
identified.

However, as latches are transparent on the active level of
the clock signal and thus load data to the output at any point
on the active level of the clock signal, observing the eflect
of the clock signal output by the clock circuitry 210 typically
would require an observation downstream of the latches
(e.g. using downstream scannable flip-flops connected to an
output of a latch). Such an IC design also means that in an
array of latch registers, only a single latch register 1n the
array can be observed at a time from the downstream
scannable flip-tlops (e.g. 1n the read logic). Therefore, test-
ing of the clock gating circuitry for each of a plurality of
latch registers cannot be performed in parallel and scan
testing for an array of latch registers can be time consuming.
In addition, the consequential reduced observability results
in a large decrease 1n the fault test coverage. Embodiments
of the present mnvention provide an integrated circuit device
comprising register circuitry (e.g. register bank) comprising
one or more registers, 1n which at least one of the registers
comprises a plurality of latches and a tlip-tflop. The register
also comprises clock gating circuitry configured to generate
a clock signal for the register, such that the clock signal 1s
shared by each of the plurality of latches and the flip-flop. As
explained 1n more detail later, the clock signal output from
a clock signal output terminal of the clock gating circuitry 1s
coupled to each of the plurality of latches and the flip-tlop.
Each of the plurality of latches receives a gating signal that
either corresponds to the clock signal generated by the clock
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gating circuitry or 1s determined according to a logical
operation including the clock signal. The tlip-tlop receives a
clock gating signal corresponding to the clock signal gen-
crated by the clock gating circuitry.

The tegrated circuit device, when operated 1n the scan
test mode can perform a scan shift operation for which a test
input signal 1s received at the mput signal terminal of the
tlip-flop and 1s loaded by the flip-tlop responsive to an edge
of the clock gating signal received by a gating terminal of
the thp-flop. Therefore, during the scan shift operation the
test input signal 1s loaded from the mput signal terminal of
the tlip-tflop to the output signal terminal of the flip-tlop
responsive to an edge of the clock signal such that the
tlip-tflop 1s eflectively enabled on the edge of the clock
gating signal received at the gating terminal of the flip-flop.
An output signal that 1s output by the output signal terminal
1s monitored (observed) using an output pin on the IC device
coupled (directly or indirectly by combinational logic) to the
output signal terminal of the flip-flop to provide an obser-
vation point for the flip-tflop. Consequently, observation of
the output signal terminal of the flip-tlop during the scan
shift operation, via the output pin, can be used to observe
and thus test the correct functioning of the clock gating
circuitry.

The integrated circuit device comprises the output pin for
permitting observation of the output signal terminal of the
tlip-tlop. Specifically, the tlip-flop 1n the n-bit register can be
a scan tlip-tlop included anywhere 1n a scan chain. An output
signal terminal of a last tlip-flop of the scan chain can be
connected to the output pin to thereby couple the output pin
to the flip-flop 1n the n-bit register. In this way, test signals
can be shifted through the scan chain and the response of the
tlip-flop 1n the n-bit register to the test signals can be shifted
through the scan chain to the last tlip-flop such that test
equipment can be connected to the output pin to allow
observation of the clock signal received by the tlip-tlop 1n
the n-bit register. Alternatively, the flip-tlop in the n-bit
register may for example be a last flip-tlop of a scan chain,
in which case the output pin can be directly coupled to the
signal terminal of the flip-tlop 1n the n-bit register. hence
more generally, test input signals can be shifted thorough the
tlip-tflop and shifted out test signals can be observed via the
output pin of the IC, such that if a shifted out value 1s
different to what 1s expected this indicates that the clock
signal mput to the flip-flop 1s not functioning correctly.
Observation of the state of the flip-flop being updated 1n a
manner expected for the test input signal can be used to test
the correct functioning of the clock gating circuitry. Hence,
the output signal terminal of the flip-tlop can be coupled to
an external output pin (also referred to as a direct output
terminal for the integrated circuit device) to thereby allow
observation of the clock signal generated by the clock gating
circuitry during scan testing.

For example, manufacturing testing of digital logic 1s
typically done with the help of automatic test equipment
(ATE) and automatic test pattern generation (ATPG) tools.
ATPG tools typically use algorithms to generate test input
patterns so that a response to the test input patterns can be
observed for detecting faults in an IC. An ATPG tool can be
used to generate the test mput signals applied to the input
signal terminal of the flip-flop and observation, via the
output pin coupled to the output signal terminal of the
tlip-flop, of the response to the test input signals can be used
to enable scan testing of the clock gating circuitry.

Consequently, embodiments of the present invention pro-
vide an ntegrated circuit device including at least one
register comprising a plurality of latches and a tlip-tlop for
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storing binary data, and when operated 1n a scan test mode
an output of the tlip-tflop 1s observed for facilitating testing
of the clock circuitry without requiring the latches to be
scannable. In this way, the register provided by the present
invention has a smaller area compared to a conventional
n-bit register array comprising n flip-tlops whilst also allow-
ing testing of the clock gating circuitry.

Embodiments of the present invention extend to the
integrated circuit device comprising a register comprising a
plurality of latches and a plurality of flip-tflops each provid-
ing binary state storage functionality (e.g. an 8-bit register
having 6 latches and 2 tlip-tlops). However, by specifically
providing a register using a plurality of latches and a single
tlip-tflop (1nstead of two or more tlip-tflops) an on-chip area
of the register can be most greatly reduced whilst still
enabling observation of the clock gating circuitry via the
single flip-tlop.

Therefore, in some embodiments of the disclosure, the
register has a bit depth of n bits and comprises n—1 latches
and the tlip-flop. For example, the register may be an 8-bit
register having 7 latches and 1 flip-tflop. Specifically, the
tlip-flop may for example be used for storing a first bit of the
register. In a stmplest case, the register has a bit depth of 3
bits made up of 2 latches and 1 flip-tlop.

FIG. 3 schematically illustrates an example of such a
register, 1n which a latch 300aq and a flip-flop 320 are shown
as sharing a same clock signal generated by the clock gating
circuitry 310. Hence, when operating in the scan testing
mode, an observation node for observing the output signal
terminal of the flip-flop 320 can be used whilst shifting one
or more test input signals through the flip-tlop 320 to thereby
observe and facilitate testing of the clock gating circuitry
310.

Whilst the arrangement of FIG. 3 facilitates testing of the
clock gating circuitry 310 whilst also achieving a reduction
in on-chip area for the register by using latches for storing
binary state information, the presence of the latches gener-
ally results 1n less observability and controllability com-
pared to an n-bit register including n scannable flip-tlops.
The applicants have also i1dentified that fault testing of a
register comprising a plurality of latches and a tlip-tlop can
be further improved by ntroducing further logic for assist-
ing with testing whilst still obtaining a reduction 1n digital
logic area relative to the reference n-bit register using
tlip-flops. In particular, the techniques to be discussed below
provide logic circuits that improve fault coverage for a
register comprising a plurality of latches and a flip-flop by
improving controllability and observability.

Embodiments of the invention provide an integrated cir-
cuit device including a register comprising a plurality of
latches and a flip-flop, the integrated circuit device having a
normal mode of operation and a scan test mode, and when
in the scan test mode the integrated circuit device can
perform a scan shift operation. When the integrated circuit
device 1s operating i the scan test mode and during a
respective scan shift operation, a latch gating terminal of a
respective latch of the register receives a gating signal
having a high level to maintain the respective latch in a
transparent state during the scan shift operation. Moreover,
the integrated circuit device comprises one or more logic
circuits for controlling the gating signal received by at least
one latch during a scan shift operation to hold the latch 1n a
transparent state (so that data can propagate through the
latch) for a controlled period of time.

Typically, clock gating for a respective latch can mean
that a scan shift operation, in which test input signals are
shifted through a sequential logic circuit, can be hindered
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due to latches having an unknown state at the end of a scan
shift operation, thereby resulting in decreased fault coverage
and/or increased testing time. By ensuring that latches are
maintained in a transparent state during a scan shift opera-
tion, respective states stored by the latches at the end of the
scan shift operation can be known. Conversely, if latches are
not transparent during a whole scan shift operation, the
latches can update their state at unknown points during the
scan shift operation and their state 1s thus unknown at the
end of the scan shift operation thereby hindering scan
testing.

The integrated circuit device in accordance with embodi-
ments of the present invention can comprise logic circuits
for controlling a gating signal received by one or more
respective latches of the register during a scan shift opera-
tion to maintain the gating signal at a high level during the
scan shift operation and thereby improving scan testing.

In some embodiments, the gating signal received at a latch
gating terminal of a respective latch 1s determined according
to a logical operation including the clock signal generated by
the clock gating circuitry and a control signal. FIG. 4a
schematically illustrates a register (latch register 1 in FIG.
da) in accordance with an embodiment of the present
invention. The register comprises a latch 400a and a tlip-tlop
420 which are both coupled to the clock gating circuitry 410.
The gating terminal of the tlip-flop 420 1s connected to the
clock signal output terminal of the clock gating circuitry 410
such that the loading of the flip-flop 420 1s controlled 1n
dependence upon an edge of the clock signal received at the
gating terminal (as discussed previously).

However, the latch gating terminal of the respective latch
400a 1s connected to the clock signal output terminal of the
clock circuitry 410 via a logical OR circuit 430. Conse-
quently, the latch gating terminal receives a gating signal
determined according to a logical OR operation including
the clock signal. Specifically, the logical OR circuit 430
receives the clock signal generated by the clock gating
circuitry 410 and a control signal (schematically shown as
“ShiftEna™ 1 the example of FIG. 4a). The latch gating
terminal therefore receives a gating signal determined
according to a logical OR operation including the clock
signal and the control signal. The control signal 1s generated
by the mtegrated circuit device to have a high level during
a scan shift operation so that the gating signal received by
the respective latch has a high level during the scan shiit
operation. Consequently, the latch 400a can be controlled to
maintain a transparent state during the scan shift operation
so that data (i.e. a sequence of test input signals) propagates
through the respective latch 400a and a state of the latch at
the end of the scan shift operation can be reliably known.

Therefore, such embodiments of the invention improve
fault coverage relative to the register shown 1n FIG. 3 by
providing the control signal and the logical OR circuit 430
for controlling transparency of the latch 400a when operat-
ing in the scan test mode. In particular, this allows the latch
400a to be maintained in a transparent state when one or
more test signals are being passed through the latch.

FIG. 4a schematically illustrates an example showing a
register (latch register 1) including three latches and a single
tlip-flop so that the latch data signal comprises three bits—
although for clarity only one latch 400aq 1s shown. More
generally, embodiments of the mvention provide an inte-
grated circuit device comprising an n-bit register, the n-bit
register comprising a plurality of latches and a tlip-tlop (e.g.
a 3 or more-bit register mncluding two or more latches 400a
and a flip-flop). The clock gating circuitry 410 generates the
clock signal which 1s shared by each of the plurality of
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latches and the tlip-flop. Such an integrated circuit device
comprises coupling circuitry configured to couple the clock
signal output terminal of the clock gating circuitry 410 to
cach of the plurality of latches and the flip-tlop and, as
shown 1n FIG. 4a, the coupling circuitry comprises a latch
signal path and a flip-tflop signal path.

The latch signal path couples the clock gating circuitry
410 to each of the plurality of latches and comprises the
logical OR circuit 430 configured to recerve the clock signal
and the control signal. The logical OR circuit 430 15 con-
figured to output, to the latch gating terminal of each of the
plurality of latches, the gating signal 1n dependence upon a
logical OR operation for the clock signal and the control
signal, for which the control signal has a high level during
the scan shift operation. Hence, each respective latch
receives a gating signal that 1s obtained by OR gating the
clock signal output by the clock gating circuitry 410 with the
control signal, and each of the plurality of latches can
therefore be controlled to maintain a transparent state during
a scan shift operation.

The tlip-tlop signal path couples the clock gating circuitry
410 to the flip-flop 420 such that the gating terminal of the
tlip-tflop 420 receives the clock signal (without any OR
operation), and thus loading by the flip-flop 1s controlled
according to the edge of the clock signal (1.e. the clock to the
flip-tflop 1s taken from before the OR gating, and thus
shifting 1n values to the at least one tlip-tlop 1s dependent on
the clock signal). Therefore, the arrangement of FIG. 4a
allows testing of the clock gating circuitry 410 using the
output pin to observe the output signal terminal of the
tlip-flop 420. The control signal and the logical OR circuit
430 can be used for controlling the transparency of the
latches to have a transparent state during the scan shait
operation. Therefore, fault testing of the register 1is
improved.

As explamned above, the control signal (schematically
shown as “ShiftEna™ in FIG. 4a) 1s OR gated with the clock
signal ck(G to obtain the gating signal for each of the
plurality of latches. FIG. 4b schematically illustrates a more
detailed example of FIG. 44, 1n which the integrated cir-
cuitry turther comprises control circuitry 440 (also referred
to herein as transparent control circuitry) for outputting the
control signal (schematically shown as “transpCtrl” in FIG.
4b) to the register. Whilst FIG. 4b shows an example 1n
which the control circuitry 440 comprises the logical OR
circuit 442 and the logical AND circuit 441, 1n a simplest
case the control circuitry 440 directly outputs the control
signal having a high level when the scan shift enable signal
has a high level without OR gating the scan shift enable
signal.

As shown 1n FIG. 454, the transparent control circuitry 440
outputs the control signal at the logical OR circuit 442 and
outputs the control signal to a first register (latch register 1
comprising a plurality of latches and the flip-flop 420) as
well as outputting the control signal to a second register
(latch register 2 which also comprises a plurality of latches
and a thp-flop and may have a same structure as latch
register 1 or may store a different number of bits). In
addition, 1n the example of FIG. 4b, the integrated circuitry
comprises two register banks and the transparent control
circuitry 440 can optionally also output the control signal to
the latch registers of the second register bank. In FIG. 45,
cach register bank 1s shown as comprising two latch regis-
ters, however, 1t will be appreciated that each register bank
may comprise M respective latch registers, where M may be
any suitable value that 1s greater than or equal to two.
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Consequently, the integrated circuit device can include
the transparent control circuitry 440 for generating the
control signal. By providing the transparent control circuitry
440 and OR gating the control signal with the clock signal
generated by each clock gating circuit (e.g. clock gating
circuitry 410 for latch register 1) to gate each respective
latch 1ncluded i the register (e.g. latch register 1), each
respective latch can be controlled to maintain a transparent
state during a scan shift operation.

The use of the logical OR circuit 430 allows the gating
signal provided to the latch 400q to have a high level even
when the clock signal has a low level. In addition, the
transparent control circuitry 440 can be used to provide the
control signal to the mnput of the logical OR circuit 430 and
thereby allows the input pin of the logical OR circuit 430 to
be fault tested.

Each of the plurality of latch registers includes a respec-
tive logical OR circuit that recerves the control signal from
the transparent control circuitry 440 for controlling the
transparency of the latches. Therefore, the same transparent
control circuitry 440 can be shared by each latch register by
inputting the control signal to each of the respective logical
OR circuits. Therefore, each respective logical OR circuit
can be stuck-at fault tested using the control circuitry 440.
Sharing of the transparent control circuitry 440 by a plurality
of latch registers 1n this way (facilitated using the above
mentioned logical OR circuits) contributes to achieving
digital logic area savings, and the inclusion of the transpar-
ent control circuitry 440 1n this way allows each logical OR
circuit to be fully stuck-at fault tested.

Moreover, by providing the transparent control circuitry
440 that outputs the control signal to a plurality of respective
registers (e.g. latch register 1 and latch register 2), a first
plurality of latches in latch register 1 and a second plurality
of latches 1n latch register 2 can each be controlled by the
transparent control circuitry 440 thereby allowing signifi-
cant digital logic area savings. In particular, for a register
bank comprising a large number of respective latch registers,
cach latch register 1n the register bank can share the same
transparent control circuitry 440, thereby allowing signifi-
cant digital logic area savings.

As shown 1n FIG. 45, the transparent control circuitry 440
can output the control signal (in this case shown as
“transptCtrl”), and the transparent control circuitry 440
comprises the logical OR circuit 442 configured to output
the control signal having the high level when the integrated
circuitry 1s operated in the scan test mode and during the
scan shift operation. The logical OR circuit 442 receives a
scan shift enable signal 445 having a high level during the
scan shift operation. Therefore, the control signal (transptC-
trl) having a high level can be output to the latch register
during the scan shift operation.

However, by OR gating the scan shift enable signal 445
with the output of the logical AND circuit 441, controlla-
bility can be further improved such that a number of
respective latch-based registers can be tested simultane-
ously. Specifically, a test pattern generated by the two scan
flip-tflops 443a, 443b can be output by the logical AND
circuit 441 and thus output by the logical OR circuit 442
cven when the scan shift enable signal 1s 1n the low state,
thereby facilitating testing of a plurality of the latch registers
in parallel. In particular, the test pattern output via the logical
AND circuit 441 can be used for stuck-at fault testing of the
logical OR circuit 430.

An Automatic Test Pattern Generation (ATPG) tool can be
used to generate test iput signals according to a sequential
test pattern comprising a pattern of Os and 1s, and Automatic
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Test Equipment (ATE) can be used to scan 1n a test sequence.
The test signals can thus be shifted through flip-flops
upstream of the latch 4004 and when the latch 4004 1s 1n the
transparent state the test signals are loaded to the latch 400aq,
and the two scan flip-flops 443a, 4435 can be used to control
the transparency of the latch 400q according to a test pattern.

The logical AND circuit 441 acts as a control point that 1s
enabled when the integrated circuit device 1s operating 1n the
scan test mode and disabled when the integrated circuit
device 1s not operating 1n the scan test mode (1.e. when
operating 1 a normal function mode). The logical AND
circuit 441 recerves the scan test mode enable signal (*scan-
Mode”) which has a high level when the integrated circuit
device operates 1n the scan test mode. The logical AND
circuit 441 also receives a sequential test pattern generated
by the two scan thip-tlops 443a, 4435, such that the sequen-
tial test pattern 1s AND gated with the scan test mode enable
signal. Therefore, when the scan test mode enable signal 1s
high, the output of the AND circuit 441 1s determined by the
pattern generated by the two flip-tlops 443a, 443b.

As shown 1 FIG. 45, an output of the first scan flip-tlop
443a 1s connected to an mput of the second scan flip-tlop
443b, and the transparent control circuitry 440 can thus
generate the control signal (provide to the logical OR circuit
430) according to a sequential test pattern.

FIG. 5 schematically illustrates integrated circuitry in
accordance with another embodiment of the present inven-
tion. The integrated circuitry comprises a latch register (e.g.
latch register 1) and also comprises control circuitry 540
(also referred to as scan shiit enable control circuitry) for
outputting a scan shift enable control signal (shown as
“shiftEnaCtrl”) to the latch register. The control circuitry
540 1s similar to the above mentioned control circuitry 440
but as shown 1n FIG. 5 the control signal 1s now output to
the clock gating circuitry 510. Whilst FIG. 5 shows an
example 1n which the control circuitry 540 comprises the
logical OR circuit 342 and the logical AND circuit 541, 1n
a stmplest case the control circuitry 540 directly outputs the
control signal having a high level when the scan shift enable
signal has a high level without OR gating the scan shift
enable signal.

The control circuitry 540 outputs the scan shift enable
control signal at the logical OR circuit 542. The scan shiit
enable control signal i1s received by the clock gating circuitry
510 of the latch register. As mentioned above, each latch
register comprises respective clock gating circuitry, and the
clock gating circuitry for each respective latch register can
receive the scan shiit enable control signal from the control
circuitry 540. Therefore, by providing the scan shift enable
control signal the control circuitry 540 can enable the clock
gating circuitry for each of the plurality of latch registers to
output the clock signal during a scan shiit operation. In this
way, shifting test input signals through the tlip-tlop 1n each
latch register 1s not disturbed.

This 1s shown schematically in FIG. §, in which the scan
shift enable control signal generated by the control circuitry
540 1s shared with latch register 1 and latch register 2 of
register bank 1. Moreover, the control circuitry 540 can
optionally also output the scan shift enable control signal to
the latch registers of the second register bank. In this way,
the same control circuitry 340 can be shared by each latch
register by mputting the scan shift enable control signal to
cach of the respective clock gating circuits. Sharing of the
control circuitry 540 by a plurality of latch registers thus
contributes to achieving digital logic area savings. In par-
ticular, for a register bank comprising a large number of
respective latch registers, each latch register 1n the register




US 12,158,499 B2

19

bank can share the same second control circuitry 540,
allowing significant digital logic area savings.

As shown 1n FIG. 5, the scan shiit enable control circuitry
540 can output the scan shift enable control signal (in this
case shown as “shiftEnaCitr]”), and the control circuitry 540
comprises the logical OR circuit 542 configured to output
the scan shiit control signal having the high level when the
integrated circuitry 1s operated 1n the scan test mode and
during the scan shift operation. The logical OR circuit 542
receives the scan shiit enable signal 5345 (1in this case shown
as “ShiftEna”) having a high level during the scan shiit
operation and accordingly outputs a clock signal for clock-
ing the flip-flop 520. When the logical OR circuit 542
receives the scan shift enable signal 5435 having a high level,
the logical OR circuit 542 outputs the scan shift enable
control signal (*“shiftEnaCtrl”) having the high level to the
latch registers to thereby control the clock gating circuitry
510 to not gate the clock signal. In this way, shifting test
input signals through the tlip-flop 520 1s not disturbed.

However, by OR gating the scan shiit enable signal 545
(which may in some cases be enabled for respective latch
registers one at a time) with the output of the logical AND
circuit 541, controllability can be further improved such that
a number of respective latch-based registers can be tested
simultaneously. Specifically, a test pattern generated by the
two scan tlip-tlops 343a, 5435 can be output by the logical
AND circuit 541 and thus output by the logical OR circuit
542 even when the scan shiit enable signal 1s 1n the low state,
thereby facilitating testing of a plurality of the latch registers
in parallel.

The logical AND circuit 541 acts as a control point that 1s
enabled when the integrated circuitry 1s operating in the scan
test mode and disabled when the integrated circuitry 1s not
operating in the scan test mode (1.e. when operating in a
normal function mode and “scanMode” 1s low). The logical
AND circuit 541 receives the scan test mode enable signal
(“scanMode”) which has a high level when the integrated
circuitry operates in the scan test mode. The logical AND
circuit 441 also recerves a sequential test pattern generated
by the two scan thip-tflops 543a, 3435, such that the sequen-
tial test pattern 1s AND gated with the scan test mode enable
signal. Therefore, when the scan test mode enable signal 1s
high, the output of the AND circuit 541 1s determined by the
pattern generated by the two flip-tlops 543a, 5435.

As shown 1 FIG. 5, an output of the first scan thp-flop
543a 1s connected to an mput of the second scan tlip-tlop
543b, and the control circuitry 540 can thus generate the
scan shift enable control signal (“shiftEnaCtr]”) according to
a sequential test pattern.

FIG. 6 schematically 1llustrates a register 1n accordance
with another embodiment of the present invention. The
register comprises a latch 600a comprising a latch reset
terminal that receives a reset control signal for resetting the
latch 600a to a default binary state. The integrated circuitry
turther comprises control circuitry 640 (also referred to as
reset control circuitry) for generating the reset control signal.
The reset control circuitry 640 can thus be used to reset the
latch 600a and the functioning of the latch reset terminal of
the latch 600a can also be stuck-at tested.

For example, during normal operation of the IC device it
1s expected that the latch reset terminal of the latch 600a
should be used to put the latch 600a 1nto a known state and
correct functioning of the latch reset terminal can be an
important consideration for testing.

The reset control signal can be used to set the latch 600a
to the default binary state at a time such as before or after a
scan shift operation. In particular, the reset control signal can
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be used to set the latch 600a to the default binary state that
1s different to a current binary state held by the latch 600a,
and shifting can be performed to capture the default binary
state 1n a downstream flip-flop, and shifting can be per-
formed to shift-out the default binary state to the primary
output pin of the itegrated circuit from which an observa-
tion can be made to confirm whether the latch reset terminal
1s stuck or not.

For example, a scan shifting operation can be performed
to shift in a value that 1s opposite to the reset value (default
binary state) using one or more upstream flip-flops. A reset
can then be performed or not performed, and then followed
by capturing the value from the latch mm a downstream
tlip-tflop to check whether the observation matches what 1s
expected.

The reset control circuitry 640 comprises a control point
so that the reset control circuitry 640 can be disabled during
a scan shift operation. Generally, the reset control circuitry
640 can be disabled during a scan shift operation so that
resetting of the latch 600q 1s prevented during a scan shitt.
The reset control circuitry 640 i1s enabled when the inte-
grated circuitry 1s operating in the scan testing mode and not
performing scan shift operation so that the latch 600a can be
set to a known state before and/or after a scan shift opera-
tion.

As shown 1 FIG. 6, when the integrated circuitry 1is
operating in the normal mode (when the scan test mode
signal and the scan shift enable signal are low), the multi-
plexer 642 selects the normal reset signal (PRESET).

Also shown 1n FIG. 6, the reset control circuitry 640
comprises a logical AND circuit 651 acting as a control point
for disabling the reset control circuitry 640 during a scan
shift operation. During a scan shift operation the scan shift
enable signal 1s high. The logical AND circuit 651 recerves
an 1verse ol the scan shift enable signal thereby causing the
reset control circuitry 640 to be disabled during a scan shift
operation. When the integrated circuitry 1s operating 1n the
scan test mode and the scan shift enable signal 1s low (1.e. no
scan shift operation 1s being performed), the logical AND
circuit 651 outputs the sequential reset pattern generated by
the two scan tlip-flops 643a and 643H, and the multiplexer
652 selects the input received from the logical AND circuit
651.

FIG. 7a 1s a schematic diagram illustrating integrated
circuitry comprising a latch register (latch register 1), the
control signal (“transptCtr]”) mnput to the latch register by
the transparent control circuitry 440, the scan shiit enable
control signal (“ShiftEnaCtr]”) mnput to the latch register by
the scan shift enable control circuitry 540, and the reset
control signal (“PRESET_lat”) input to the latch register by
the reset control circuitry 640. FIG. 7a therefore schemati-
cally illustrates an example using a combination of the
techniques discussed with above with respect to FIGS. 4a,
4b, 5 and 6. In particular, the transparent control circuitry
440 can be used to control the OR gate 430 1n each of the
latch registers for improving the testing the OR gate 430,
whilst the scan shift enable control circuitry 540 can be used
to enable the clock signal circuitry 1n each of the latch
registers for improving the controllability of latches (e.g.
400a) 1n all the latch registers allowing them to be tested 1n
parallel. Therefore, the combination of the transparent con-
trol circuitry 440 and the scan shiit enable control circuitry
540, when used together, can yield greater fault coverage.

FIG. 7b, 1s a schematic diagram 1illustrating integrated
circuitry comprising transparent control circuitry 740 (being
the same as the transparent control circuitry 440), scan shift
enable control circuitry 750 (being the same as the scan shift
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enable control circuitry 540) and reset control circuitry 760
(being the same as the reset control circuitry 640). In this
example, the itegrated circuitry further comprises registers
banks 700, 710, 720 and 730 which each comprise a
plurality of latch registers. As shown i FIG. 75, the trans-
parent control circuitry 740, scan shift enable control cir-
cuitry 750 and reset control circuitry 760 can be shared by
cach of the plurality of latch registers which provides
significant digital logic area savings.

Some embodiments of the ivention provide a power
management integrated circuit (PMIC) comprising the inte-
grated circuitry having any of the configurations disclosed
above. In particular, embodiments of the invention provide
a power management integrated circuit comprising the fea-
tures shown 1n FIG. 75.

Electronic devices, and in particular battery-operated
devices, typically include one or more PMICs for power
management. A PMIC typically comprises regulators and
converters and their associated digital logic circuits so as to
regulate voltages supplied from a power source (e.g. a
rechargeable battery) to obtain one or more internal supply
voltages for powering the electronic device. In particular, a
PMIC typically comprises digital logic including banks of
registers (e.g. control registers and status registers) that a
host SoC can write to and read from 1n order to control the
PMIC and read the status of the PMIC.

Cost, size, and power consumption are important charac-
teristics of PMICs.

Embodiments of the present invention provide a power
management integrated circuit comprising at least one n-bit
latch register comprising a plurality of latches and a flip-
flop, and the use of the latch register contributes to a
reduction in the size of the integrated circuit (or at least the
digital logic area associated with the register functionality).

It will be appreciated by those skilled 1n the art that the
embodiments of the invention described above has signifi-
cant potential advantages. It will also be apparent that
numerous modifications and variations of the present dis-
closure are possible in light of the above teachings. It i1s
therefore to be understood that within the scope of the
appended claims, the disclosure may be practised otherwise
than a specifically described herein.

The 1nvention claimed 1s:

1. An mtegrated circuit device including:

an n-bit register comprising;

a plurality of latches and at least one thp-flop, the plurality
of latches and the tlip-flop each being configured to
store respective binary states corresponding to respec-
tive bits, wherein each of the plurality of latches 1s
level-triggered and the tlip-tlop 1s edge-triggered and n
1s greater than or equal to three;

clock gating circuitry configured to generate a clock
signal for the register and to output the clock signal at
a clock signal output terminal of the clock gating
circuitry; and

coupling circuitry configured to couple the clock signal
output terminal of the clock gating circuitry to each of
the plurality of latches and the flip-flop,

wherein each latch of the plurality of latches comprises a
latch gating terminal configured to receive a gating
signal, wherein a respective latch 1s configured to
receive the gating signal that either corresponds to the
clock signal or i1s determined according to a logical
operation including the clock signal such that a trans-
parency for each respective latch 1s controlled 1n depen-
dence upon a level of the gating signal;
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wherein the at least one flip-flop comprises a gating
terminal configured to recerve the clock signal such that
loading of the flip-flop 1s controlled 1n dependence
upon an edge of the clock signal received at the gating
terminal; and

wherein the integrated circuit device i1s configured to

operate 1n a scan test mode for scan testing at least
some of the integrated circuit device, wherein when in
the scan test mode and during a scan shiit operation an
input signal terminal of the flip-flop 1s configured to
receive a test input signal and the tlip-tlop 1s configured
to load the test input signal to an output signal terminal
of the tlip-tlop responsive to an edge of the clock signal
received at the gating terminal,

and wherein the integrated circuit device comprises at

least one output pin to provide an observation point for
the flip-tlop.

2. The integrated circuit device according to claim 1,
wherein the at least one flip-flop 1s included 1n a scan chain
comprising a chain of flip-flops, and wherein the output pin
1s coupled to an output signal pin of a downstream tlip-tlop
that 1s downstream from the at least one flip-flop 1n the scan
chain.

3. The mtegrated circuit device according to claim 1, and
configured so that each of the plurality of latches 1s 1n a
transparent state when the gating signal has a high level and
cach of the plurality of latches 1s not 1n the transparent state
when the gating signal has a low level, wherein when 1n the
transparent state each latch 1s configured to load an input
signal at a latch mnput signal terminal of the latch and to
provide the input signal to a latch output terminal of the
latch.

4. The integrated circuit device according to claim 3,
wherein when in the scan test mode and during the scan shift
operation, the integrated circuit device 1s configured to
provide the gating signal having a high level to a latch gating
terminal of a latch to maintain the latch in the transparent
state during the scan shift operation.

5. The itegrated circuit device according to claim 4,
further comprising control circuitry configured to output a
control signal to the n-bit register to maintain the latch in the
transparent state during the scan shiit operation, wherein the
control circuitry 1s configured to output the control signal
having the high level when the integrated circuit device 1s
operated 1n the scan test mode and during the scan shiit
operation.

6. The integrated circuit device according to claim 3,
wherein the control circuitry comprises logical OR circuitry
configured to receive a scan shiit enable signal having a high
level during the scan shift operation and to output the control
signal having the high level during the scan shiit operation,
and wherein the control circuitry further comprises a control
point comprising logical AND circuitry configured to
receive a scan test mode enable signal and a supplementary
control signal, wherein the scan test mode enable signal has
a high level when the integrated circuit device 1s operated 1n
the scan test mode, wherein the logical OR circuitry 1s
configured to receive a signal output by the logical AND
circuitry such that the logical OR circuitry 1s configured to
output the control signal having the high level when the
supplementary control signal has a high level and the scan
test mode enable signal has the high level.

7. The integrated circuit device according to claim 6,
wherein the control circuitry comprises a first scan flip-tlop
and a second scan flip-flop, wherein an output of the first
scan flip-tlop 1s connected to an mmput of the second scan
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tlip-tflop, and the control circuitry 1s configured to generate
the supplementary control signal according to a sequential
test pattern.

8. The integrated circuit device according to claim 5,
wherein the coupling circuitry comprises a latch signal path
configured to couple the clock signal output terminal to each
of the plurality of latches, the latch signal path comprising
a logical OR circuit configured to recerve the clock signal
and the control signal, the logical OR circuit being config-
ured to output, to the latch gating terminal of each of the
plurality of latches, the gating signal 1n dependence upon a
logical OR operation for the clock signal and the control
signal, wherein the integrated circuit device 1s configured to
provide, to the logical OR circuit, the control signal having,
a high level during the scan shift operation.

9. The integrated circuit device according to claim 8,
turther comprising a second register comprising a second
plurality of latches, a second flip-flop and second clock
gating circuitry, and wherein the control circuitry 1s also
configured to output the control signal to the second register
to maintain each of the second plurality of latches 1n the
transparent state during the scan shift operation.

10. The integrated circuit device according to claim 9,
wherein the second register comprises second coupling
circuitry comprising a second latch signal path configured to
couple a second clock signal output terminal of the second
clock gating circuitry to each of the second plurality of
latches, and wherein the second latch signal path comprises
a second logical OR circuit configured to receive the control
signal and a second clock signal generated by the second
clock gating circuitry, the second logical OR circuit being
configured to output, to a latch gating terminal of each of the
second plurality of latches, a gating signal in dependence
upon a logical OR operation for the second clock signal and
the control signal.

11. The itegrated circuit device according to claim 1,
turther comprising scan shiit enable control circuitry con-
figured to output a scan shift enable control signal to the
n-bit register, wherein the clock gating circuitry comprises a
shift enable control mput terminal configured to receive the
scan shift enable control signal and the clock gating circuitry
1s configured to output the clock signal at the clock signal
output terminal 1n dependence upon the scan shift enable
control signal so that the clock signal 1s enabled for the n-bit
register during the scan shift operation, such that the gating
terminal of the at least one tlip-tlop 1s configured to receive
the clock signal during the scan shift operation.

12. The integrated circuit device according to claim 11,
turther comprising a plurality of registers each comprising:
a plurality of latches, at least one flip flop; and clock gating
circuitry comprising a shift enable control input terminal,
and wherein the scan shift enable control signal control
circuitry 1s also configured to output the scan shiit enable
control signal to each of the plurality of registers to enable
the clock gating circuitry of each of the plurality of registers
during the scan shift operation so that the clock gating
circuitry of each of the plurality of registers 1s configured to
output the clock signal during the scan shift operation.

13. The integrated circuit device according to claim 1,
wherein at least one of the plurality of latches comprises a
latch reset terminal configured to receive a reset control
signal for resetting the latch to a default binary state, and
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wherein the integrated circuit device further comprises reset
control circuitry configured to output the reset control signal
to the n-bit register.

14. The integrated circuit device according to claim 13,
wherein the reset control circuitry comprises a control point
and the itegrated circuit device 1s configured to disable the
control point during the scan shift operation.

15. The ntegrated circuit device according to claim 14,
wherein the control point comprises logical AND circuitry
configured to receive a supplementary reset control signal
and an mverse of a scan shiit enable signal and to output the
reset control signal 1n dependence upon the receirved signals
so that resetting of the respective latch to the default binary
state 1s disabled during the scan shift operation, and wherein
the reset control circuitry further comprises a multiplexer
control point configured to select and output the reset control
signal when the integrated circuit device 1s operated in the
scan test mode.

16. The integrated circuit device according to claim 13,
further comprising a second register comprising a second
plurality of latches, a second tlip-flop and second clock
gating circuitry, and wherein the reset control circuitry is
configured to output the reset control signal to the second
register for resetting one or more of the second plurality of
latches to the default binary state.

17. The integrated circuit device according to claim 13,
wherein the reset control circuitry comprises a first scan
tlip-flop and a second scan flip-tlop, wherein an output of the
first scan thp-flop 1s connected to an input of the second scan
tlip-flop, and the reset control circuitry 1s configured to
generate the supplementary reset control signal according to
a sequential test pattern.

18. The integrated circuit device according to claim 13,
wherein the latch 1s configured to store a binary state from
a previous scan shift operation, and when 1n the scan test
mode and before the scan shift operation, the integrated
circuit device 1s configured to provide, to the latch reset
terminal of the latch, the reset control signal for resetting the
latch to the default binary state, wherein during the scan shift
operation the integrated circuit device 1s configured to
capture the default binary state 1n a downstream {flip-tlop,
and wherein the integrated circuit device i1s configured to
shift the default binary state downstream from the down-
stream thp-flop to the or another output pin of the imtegrated
circuit device to provide an observation.

19. The mtegrated circuit device according to claim 1,
wherein each of the plurality of latches 1s a positive level
active latch comprising a latch input signal terminal con-
nected to a respective negative level active latch of a
plurality of negative level latches for receiving an input
signal from the respective negative level active latch, and
wherein at least one negative level active latch has a latch
output terminal coupled to a first latch mput terminal of a
first latch 1n the n-bit register and also coupled to another
latch mput terminal of another latch in another latch register.

20. The itegrated circuit device according to claim 1,
wherein the plurality of latches and each of the one or more
tlip-flops are arranged 1n parallel with each other.

21. The mtegrated circuit device according to claim 1,
wherein the n-bit register comprises fewer than n flip-tlops.

22. The imtegrated circuit device according to claim 1,
wherein the n-bit register comprises n—1 latches and the
tlip-tlop.
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